The xanthine derivative propentofylline (HW A 285) has been reported to show protective effects against neuronal damage induced by cerebral ischemia. In the present study, microfluorometry was used to investi gate the effect of propentofylline on the hypoxia hypoglycemia-induced intracellular calcium accumula tion in gerbil hippocampal slices. When slices were su perfused with hypoxic-hypoglycemic medium that did not contain propentofylline, an acute increase in calcium accumulation was detected 75-200 s (mean latency of 123 s) after the beginning of hypoxia-hypoglycemia. When
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It is well established that the vulnerability of neu rons to ischemia differs considerably among the dif ferent populations in the central nervous system (Brierley, 1976) . Rather than causing a uniform type of neuronal damage, interruption or reduction of the normal oxygen supply to the brain results in a va riety of neuronal responses that can vary from area to area or even within subregions of the same struc ture (Ito et al. , 1975; Kirino, 1982; Pulsinelli et al. , 1982) . The hippocampus is one of the most vulner able regions to ischemia, and this vulnerability dif fers within the hippocampus. Field CAl of the hip pocampus is the most sensitive to the delayed neu ronal degeneration due to ischemia, whereas field CA3 and the dentate gyrus are relatively resistant (Kirino, 1982; Pulsinelli, 1985) . Following carotid arterial occlusion of 5-min duration in the gerbil, the pyramidal neurons in field CAl show delayed neu-slices were superfused with hypoxic-hypoglycemic me diums that contained 10 IJ-M, 100 IJ-M, and 1 mM propen tofylline, the latency of the acute increase in calcium ac cumulation was prolonged in all subregions of the hippo campus in a dose-dependent manner: mean latencies in field CAl were 146, 168, and 197 s after hypoxia hypoglycemia, respectively. This retardation in calcium accumulation may be involved in the mechanisms by which propentofylline diminishes ischemic injury. Key Words: Hypoxia-Hypoglycemia-HWA 285 (propen tofylline)-Rhod-2-Calcium-Hippocampus.
ronal death but the neurons in field CA3 and the dentate gyrus do not show neuronal degeneration (Kirino, 1982; Kirino and Sano, 1984a,b) .
Recently, calcium has become a focus of atten tion due to its possible role in mediating ischemic neuronal death (Schanne et al. , 1979; Simon et al., 1984; Deleo et al., 1987; Deshpande et al. , 1987; Benveniste et al. , 1988; Siesjo and Bengtsson, 1989) . Excessive increases in intracellular free cal cium concentration may trigger catastrophic enzy matic processes leading to irreversible neuronal in jury. In this connection, we have found that large calcium accumulation is induced in field CAl of hip pocampal slices under hypoxic-hyperglycemic con ditions, whereas comparatively small and moderate calcium accumulations are induced in field CA3 and the dentate gyrus under the same hypoxic hyperglycemic condition (Mitani et al. , 1990b (Mitani et al. , , 1991a . This result reinforces the hypothesis that excessive accumulation of intracellular calcium in duces considerable disruption of metabolic order and finally causes neuronal death (Siesjo, 1981; Hass, 1981) .
Adenosine and its analogues are known to have protective effects against ischemic brain damage (Evans et aI., 1987; Goldberg et aI. , 1988; Von Lu bitz et aI. , 1988) . Conversely, the adenosine antag onist theophylline has been found to aggravate isch emic changes (Rudolphi et aI. , 1987) . The novel xanthine derivative, propentofylline (HW A 285), which interferes with the receptor binding of aden osine agonists, acts as an inhibitor of adenosine up take and increases the actions of adenosine (Fred holm and Lindstrom, 1986) . It has been reported to show protective effects against neuronal damage in duced by cerebral ischemia (DeLeo et aI. , 1987 (DeLeo et aI. , , 1988a Dux et aI. , 1990) .
We therefore assumed that ischemia-induced cal cium accumulation might have been influenced by application of this xanthine derivative. The purpose of this work was to investigate the effect of propen tofylline on hypoxia-hypoglycemia-induced cal cium accumulation in hippocampal slices.
MATERIALS AND METHODS
Intracellular free calcium accumulation was measured using an inverted fluorescence microscope, a high performance video camera, and an image processor setup. A low magnification objective lens (x4) and a side illumination system were used to visualize the fluores cence image of a whole slice, and the image was subjected to image analysis (Kudo et aI., 1990 (Kudo et aI., , 1991 . The proce dures employed were essentially the same as described in our previous study (Mitani et aI., 1990b) with the excep tion that rhod-2 (Minta et aI., 1989 ) was used as a fluo rescent indicator in the present study.
Preparation
Hippocampal slices were obtained from male Mongo lian gerbils (12-16 weeks old, weighing 60-80 g) that were deeply anesthetized with ether. The gerbils were decapi tated and their hippocampi were rapidly removed and placed in ice-cold physiological medium (in mM: NaCl, 124; KCl, 5; CaCI2, 2.5; MgS04, 2; NaH2P04, 1.25; NaHC03, 22; and glucose, 10). Hippocampal transverse slices (approximately 350 IJ-m thick) were cut with a razor blade. The slices were incubated in physiological medium equilibrated with 95% 02/5% CO2 for at least 1 h at 26°C. Neurons were loaded with 5 IJ-M rhod-2 acetoxymethyl ester (Dojin, Kumamoto, Japan) diluted in physiological medium equilibrated for 1 h at 26°C. Following the load ing incubation, the slices were incubated in physiological medium equilibrated with 95% 02/5% CO2 for at least 15 min at 26°C.
Measurement of intracellular calcium
The slice was transferred to a flowthrough chamber mounted on an Olympus inverted fluorescence micro scope that was equipped with a heat plate stage (Olympus IMT2-HP, Tokyo, Japan), and was submerged and super fused at 2 mllmin with the appropriate medium at a tem perature of 37°C. The temperature of the medium in the chamber was monitored using a thermocouple needle probe (0.4 mm diameter, TN-800, Unique Medical Co., Tokyo, Japan) and a thermocouple meter (TME-300, Unique Medical Co., Tokyo, Japan), and was regulated.
For normoxic conditions, the medium was equilibrated with a 95% 02/5% CO2 gas mixture. The slice was per fused with norm oxic medium for 15 min after placement of the slice into the chamber, and then hypoxia hypoglycemia was induced by switching the medium to a glucose-free medium equilibrated with 95% N2/5% CO2 and continued until the end of each examination. The slice was excited with 550 nm light every 5 s: the light was produced by a deep ultraviolet (UV) lamp (200 W, U shio, Tokyo, Japan), filtered by an interference filter (550 nm, slit width <16 nm) and conducted to the slice through an optic fiber (5 mm in diameter). Signals of the fluorescence (>580 nm) were captured on a high-performance video camera (C2400-8, Hamamatsu Photonics, Hamamatsu, Japan), and then stored and processed using an image processor (Argus-100, Hamamatsu). Prior to the mea surement of intracellular calcium accumulation, the slice loaded with rhod-2 was excited with 550 nm light and the picture on a television monitor was examined to confirm that the dye was uniformly distributed throughout the slice.
A ratio of the fluorescence was calculated as follows: During intracellular calcium accumulation, pictures were taken every 5 s using 550 nm excitation and then the numerical value of each picture element (pixel) was di vided by the value of the corresponding element in the 550 nm picture, which was taken prior to the measure ment. The values of ratio images were displayed on a high-resolution television monitor (Sony, Tokyo, Japan), photographed, and analyzed. Statistical analyses were performed using analysis of variance (ANOV A); this analysis included Dunnett's multiple-comparison proce dure and all values were expressed as means ± SD.
Drug application
In order to apply the drug to hippocampal slices, pro pentofylline (HW A 285) [l-(5-oxohexy1)3-methyl-7-propylxanthine; Hoechst AG, Werk Albert, Wiesbaden, Germany] was added to both normoxic and hypoxic hypoglycemic perfusion mediums to a final concentration of 10 f.LM, 100 f.LM, or 1 mM. Hypoxia-hypoglycemia was induced as described above.
RESULTS
Prior to hypoxia-hypoglycemia, low calcium ac cumulation was shown in all hippocampal subre gions.
Control experiments
When hippocampal slices were superfused with hypoxic-hypoglycemic medium that did not contain propentofylline (Figs. la-d and 2a) , an acute, large increase in calcium accumulation was first detected in field CAl about 2 min after the beginning of hyp oxia-hypoglycemia (Fig. Ib) : the time from the be ginning of hypoxia-hypoglycemia to the appearance of the acute, large increase in calcium in field CA 1, as seen in Representative ratio images of hypoxia-hypoglycemia-induced calcium accumulation in hippocampal slices. When a slice was superfused with the medium that did not contain propentofylline (a-d), acute and massive calcium accumulation in field CA1 was observed 110 s after the beginning of hypoxia-hypoglycemia (b). When a slice was superfused with the medium that contained 1 mM propentofylline (e-h), the onset of calcium accumulation was retarded: the latency in field CA1 was 190 s (g) after the beginning of hypoxia-hypoglycemia. Ratio images were obtained 0 s (8, e), 110 s (b, f), 130 s (e), 190 s (d, g), and 210 s (h) after the beginning of hypoxia-hypoglycemia. Dashed lines (in 8 and e) indicate the approximate outline of the hippocampal slice. DG: dentate gyrus. Bar = 0.5 mm. Ratios of fluorescence intensity given in Fig. 2 were calculated in areas enclosed by rectangles in field CA 1, field CA3, and the dentate gyrus (8 and e).
spread throughout field CAl within 30 s (Fig. Ic) . After the acute increase in calcium accumulation, the accumulation almost reached a plateau ( Fig.  2A) . Moderate calcium accumulations were ob served in the inner portion of the dentate gyrus with a time lag of 10-30 s after the acute increase in field CAl ( Fig. 2A) . Only small calcium accumulations were observed in field CA3 even at the end of mea surements (about 7 min after the beginning of hyp oxia-hypoglycemia).
Effects of propentofylline
When hippocampal slices were superfused with medium that contained propentofylline (Figs. 1e-h and 2b), hypoxia-hypoglycemia-induced calcium accumulation was delayed in all subregions of slices in a dose-dependent manner. The mean latencies of hypoxia-hypoglycemia-induced calcium accumula tion in field CAl, superfused with mediums contain ing 10 f.1M, 100 f.1M, and 1 mM propentofylline, were 146, 168, and 197 s after the beginning of hyp oxia-hypoglycemia, respectively. After the acute increase in calcium accumulation, the subregional distributions in calcium accumulation were very similar to those observed in the control experiments (Fig. 2) , and no significant differences in the ratios of fluorescence intensity were detected between nontreated slices and propentofylline-treated slices (Table 1) .
DISCUSSION
Large, moderate, and small calcium accumula tions were induced by hypoxia-hypoglycemia in field CA 1, the dentate gyrus, and field CA3, respec tively. This observation is in agreement with our previous study using the same fluorescent indicator (Mitani et al. , 1991a) . In in vivo experiments, py ramidal neurons in field CAl are selectively dam aged after 5 min of transient ischemia in the gerbil followed by 3-4 days of recirculation (Kirino, 1982; Kirino and Sano, 1984a,b) . This neuronal death in field CAl may be triggered by large calcium accu mulation in field CAl.
Our results demonstrate that propentofylline has an effect of retarding the onset of the acute increase of the hypoxia-hypoglycemia-induced calcium ac cumulation. It has been reported that propentofyl line acts as an inhibitor of adenosine uptake and that it increases the actions of adenosine (Fredholm and Lindstrom, 1986) . Adenosine and its analogues are known to be powerful inhibitors of the presyn aptic release of excitatory amino acids such as as partate and glutamate (Phillis and Wu, 1981; Dol phin and Archer, 1983; Coradetti et al. , 1984) . These acids are released in the hippocampus during and shortly after ischemia and are assumed to act as neurotoxins (Benveniste et al. , 1984; Hagberg et al. , 1985; Mitani et al. , 1990a; 1991). Therefore, propentofylline may have a pro tective effect against elevation in the extracellular concentration of excitatory amino acids in the hip pocampus during and shortly after ischemia. How- Ratio of fluorescence intensity was measured 2 min after the acute increase of calcium accumulation in each slice. Signifi cantly different from the latency in slices superfused with hyp oxic-hypoglycemic medium that did not contain propentofylline (nontreatment). ever, in the present study, part of the released ex citatory amino acids is washed away by the perfus ate (Mitani et aI. , 1991b) , and the extracellular concentration of excitatory amino acids may not rise to the neurotoxic level.
Propentofylline has been reported to have an other protective effect. Administration of this com pound increases significantly the concentrations of ATP, total adenine nucleotide, and the adenylate energy charge in brain tissue (Stefanovich and Na gata, 1983; Sasaki et aI. , 1989) . It has been assumed that the abrupt influx of calcium occurs as a result of a fall in neuronal ATP (Wieloch et aI. , 1984; Kass and Lipton, 1986) . In the present study, propen tofylline increases ATP levels in the propentofyl line-treated slices; therefore, the depletion of ATP and also the onset of hypoxia-hypoglycemia induced calcium accumulation may be retarded in the slices. We observed the same dose-dependent retardation of hypoxia-hypoglycemia-induced cal cium accumulation in a previous study (Mitani et aI. , 1991a) in which slices were superfused with hypoxic-hypoglycemic medium at 35, 33, or 31°C. The onset of an acute increase in calcium accumu lation was delayed in all subregions of the hippo campus in a dose-dependent manner. Welsh and colleagues (1990) have assayed the ATP content in hypothermic gerbil hippocampus during transient ischemic insult. They have reported that a reduc tion in brain temperature significantly delays the ischemic decrease in ATP levels throughout the hip pocampus. These results suggest that the retarda tion in calcium accumulation observed in the pro pentofylline-treated slices is due to a slowing of the decline in high-energy phosphates. This retardation in calcium accumulation may be involved in the mechanisms by which propentofylline diminishes ischemic injury. DeLeo J, Schubert P, Kreutzberg GW (1988b) Protection against ischemic brain damage using propentofylline in gerbils. 
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